The purpose of this study was to characterize the surface damages of zirconia by Nd:YAG dental laser irradiation through a systematic evaluation of the associated microstructural changes. Disk specimens of yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) and ceria-stabilized zirconia/alumina nanocomposite (Ce-TZP/Al2O3 nanocomposite) were irradiated by Nd:YAG dental laser. The specimens were characterized using scanning electron microscopy, X-ray diffractometry, and wavelength dispersive X-ray spectroscopy. Every single irradiated spot was indicated by a circular black pit surrounded by a circular raised rim with a sunken depression at the center. On surface changes, many cracks were formed inside each irradiated pit. On changes in elemental composition, the concentration of oxygen decreased while that of zirconium increased. After heating in air, the assembly of circular black pits turned white, although the depression and raised rim remained. This study showed that Nd:YAG dental laser irradiation induced cracking and reduced oxygen content on the surface of zirconia. Consequently, these phenomena reduced the mechanical strength of zirconia. Therefore, Nd:YAG dental laser welding should not be performed on tetragonal zirconia.
INTRODUCTION
Yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) have been used to make dental crowns and bridges 1, 2) . For improved mechanical strength, a ceriastabilized zirconia/alumina nanocomposite (Ce-TZP/ Al2O3 nanocomposite) was developed 3) . Previously, we demonstrated that, in comparison with Y-TZP, the Ce-TZP/Al2O3 nanocomposite exhibited a higher flexural strength and toughness, coupled with satisfactory durability, when exposed to low-temperature aging degradation in the various aqueous environments commonly encountered in dentistry [4] [5] [6] .
Prosthetic devices are often complex in shape. For this reason, computer-aided design and machining (CAD/CAM) system is used for their fabrication with zirconia. However, it is difficult to produce a large prosthesis with zirconia due to the sintering shrinkage that occurs during firing after CAD/CAM. For this reason, dental technicians need an alternative way to fix small parts to a large prosthesis. A viable option is laser welding, because Nd:YAG dental laser has been used to produce titanium prostheses. However, it was found in our previous studies that Nd:YAG dental laser irradiation caused the surface of zirconia to become black and many cracks to be formed 7, 8) . In addition, Stübinger et al. 9) demonstrated that Er:YAG and CO2 lasers, which are used for non-surgical treatment of peri-implantitis lesions, adversely affected the surface properties of zirconia endosseous dental implants.
In light of the mounting concerns expressed over the use of laser irradiation on dental zirconia, a systematic and comprehensive evaluation of its effects on dental zirconia seemed inevitably necessary. In this study, the aim was to investigate the surface damages -and the associated microstructural changes-of Y-TZP and Ce-TZP/Al2O3 nanocomposite caused by Nd: YAG laser irradiation.
MATERIALS AND METHODS

Preparation of zirconia disks
A standard Y-TZP block (Cercon, Degudent, Hanau, Germany), consisting of 3 mol% yttria-stabilized TZP, was ground and sliced into disks measuring 14 mm in diameter and 1 mm in thickness using a diamond cutter (Isomet, Buhler, Lake Bluff, IL, USA). These disks were fired at 1350°C for 6 hours. In addition, Ce-TZP/Al2O3 nanocomposite powder (NANOZR, MACZ-100, Panasonic Electric Works, Osaka, Japan) was pressed into a cylindrical rod using a cold isostatic press (CIP), fired at 1450°C for 2 hours, and sliced into disks measuring 14 mm in diameter and 1 mm in thickness using a diamond cutter. A total of 10 disks were thus prepared.
Nd:YAG laser irradiation conditions
The disks were irradiated using an Nd:YAG laser (Desktop Laser, Dentaurum J.P. Winkelstroeter, Ispringen, Germany) with a wavelength of 1.064 µm, an applied voltage of 230 or 350 V, pulse length of 5 ms, and focal length of 5 mm under argon gas. Distance between the laser beam output and disk surface was about 20 mm and was regulated with a stub designed for this experiment. One side of each disk specimen was repeatedly irradiated with 350 V.
Each irradiation pulse formed a circular black pit, such that an assembly of irradiated black pits covering the entire surface was eventually formed.
Heat treatment in air
After laser irradiation, the disks were easily broken by hand. One part of each disk specimen which was broken off was heated at 1000°C for 5 minutes in air using an electric furnace (SRF650, Morita, Osaka, Japan). Photographs of the post-laser irradiated disk surfaces were taken before and after heat treatment in air.
Microstructural evaluation using scanning electron microscopy
To observe and evaluate the microstructures after laser irradiation at 350 V, the surfaces and cross-sections of Y-TZP and Ce-TZP/Al2O3 nanocomposite specimens were characterized using scanning electron microscopy (SEM; JSM-5500LV, JEOL, Tokyo, Japan).
Elemental analysis using wavelength dispersive X-ray spectroscopy
To examine the effect of Nd:YAG laser irradiation on surface elemental composition, wavelength dispersive X-ray spectroscopy (WDS) was used to identify the elemental compositions of the specimens' surfaces before and after laser irradiation. To obtain a flat irradiated circle for WDS, the specimen disks were irradiated at 230 V. Element distribution maps of the irradiated spot were observed using a wavelength dispersive X-ray spectrometer (XMA-8600, JEOL, Tokyo, Japan) under these operating conditions: applied voltage of 15 kV, filament current of 5.022×10 −8 A, counting time of 15 ms, measurement area of 500×500 pixels for Y-TZP and 600×600 pixels for Ce-TZP/Al2O3 nanocomposite, and pixel size of 2×2 µm. The average X-ray intensity ratio of each element in the irradiated spot to that without irradiation was derived from the color map and the intensity range of each element.
Crystal structure evaluation using X-ray diffractometry
To examine the effect of Nd:YAG laser irradiation on crystal structure, X-ray diffractometry (XRD; RAD-2200, Rigaku, Tokyo, Japan) was used to identify the crystalline phases present in the surfaces of the specimens before and after laser irradiation at 350 V. Figure 1 shows a photograph of Y-TZP and Ce-TZP/ Al2O3 nanocomposite disks after Nd:YAG laser irradiation at 350 V; the respective fragments on the right were heated at 1000°C for 5 minutes in air. Each irradiation pulse produced a circular black pit of about 1 mm diameter, and the end result after Nd:YAG laser irradiation was an assembly of circular black pits.
RESULTS
Surface changes after Nd:YAG laser irradiation and heating in air
Each circular pit was surrounded by a raised rim with a sunken depression at the center.
After heating in air, the assembly of irradiated black pits turned white, although the depression and raised rim remained. Both Y-TZP and Ce-TZP/Al2O3 nanocomposite showed similar changes in morphology. Figure 2 shows the secondary electron images (SEI) of the surface and cross-section of Y-TZP and Ce-TZP/ Al2O3 nanocomposite specimens after Nd:YAG laser irradiation at 350 V. Many cracks were formed inside each irradiated black pit. Based on the blackened area in the SEI of Y-TZP specimen, the cracks were estimated to be about 100 µm deep. Besides, large grains -2−4 µm in width and 10-20 µm in lengthformed on the outermost surface and their size increased moving outward. Ce-TZP/Al2O3 nanocomposite specimen exhibited similar morphology changes with depth, although the crystal grain sizes in the blackened area were smaller than those of Y-TZP. Nd:YAG laser irradiation at 230 V. Table 1 shows the average X-ray intensity ratios of oxygen, zirconium, yttrium, hafnium, aluminum, and cerium in the irradiated area to that without irradiation. On Y-TZP, the concentration of oxygen in the irradiated pits clearly decreased whereas those of zirconium and hafnium increased slightly (Table 1) . Hafnium is a zirconium impurity and has similar chemical properties as zirconium.
Secondary electron images of the surface and subsurface microstructure
Changes in surface elemental composition
Although the concentrations of oxygen and yttrium seemed to increase in the center area of the circular pit ( Fig. 3) , such an increase was most probably caused by the depression in the center area, thereby leading to changes in angle to the detecting device of the X-ray spectrometer. On this premise, it could be assumed that the concentration of yttrium in the irradiated area was lower than that without irradiation, although the average X-ray intensity ratio of yttrium in the irradiated area to that without irradiation listed in Table 1 was 1.04.
On Ce-TZP/Al2O3 nanocomposite, the changes in the concentrations of the constituent elements were more marked than for Y-TZP. In the irradiated pits, the concentrations of oxygen, aluminum, and cerium clearly decreased, whereas that of zirconium increased. In particular, the concentration of aluminum decreased by more than one third (Table 1) . Besides, the circular rim surrounding the irradiated pit had a higher concentration of aluminum and a lower concentration of zirconium ( Fig. 4 ). Figures 5 and 6 show the XRD patterns of the surfaces of Y-TZP and Ce-TZP/Al2O3 nanocomposite before and after Nd:YAG laser irradiation.
XRD patterns
Judging from the XRD patterns in Fig. 5 , Y-TZP consisted mainly of tetragonal and some monoclinic phase zirconia before irradiation. After irradiation, the diffraction peaks assigned to the monoclinic phase disappeared, while peaks of the tetragonal phase decreased.
For Ce-TZP/Al2O3 nanocomposite, the crystalline phase before irradiation was mainly tetragonal, with some monoclinic phase zirconia and a little of alumina ( Fig. 6 ). After irradiation, alumina disappeared and the tetragonal phase of zirconia decreased.
DISCUSSION
Effect on surface changes
In a previous study 7) , we investigated the influences of the operating conditions of laser irradiation on zirconia surface. Whereas the area of the circular black pits increased with acceleration voltage, the factors of atmosphere (air and argon gas) and material did not result in remarkable differences. Moreover, at 0 mm focal length, holes were formed, and the size of the holes increased with acceleration voltage 8) .
In the present study, SEM observation of the zirconia surface revealed that many cracks were formed in the circular black pits. After heating in air, the original color of the blackened area was restored, but the cracks remained. On changes in the elemental composition, the element distribution maps of Y-TZP and Ce-TZP/Al2O3 nanocomposite showed that zirconium increased, but oxygen remarkably decreased, in the circular black pits as compared to the surface composition before irradiation. Based on these results, the blackening of zirconia after Nd-YAG laser irradiation was attributed to reduced oxygen content and that the cracks formed were due to the solidification of the melt within the blackened region (i. e., the irradiated area). These results were similar to the blackening effect and crack formation seen for zirconia when subjected to Q-switched YAG laser machining 10) . Likewise, these phenomena for zirconia were observed when irradiated with a XeCl excimer laser at 308 nm, KrF excimer laser at 248 nm, or ArF excimer laser at 193 nm 11, 12) .
It has been reported that the surface of Y-TZP became black after heating at 1200°C in argon gas for 12 hours, and that it became white again after heating in air 13) . On the other hand, laser irradiation caused the zirconia surface to turn black quickly without the need for prolonged heating in a redox atmosphere, indicating that the reduction reaction was more effective.
In addition, it was probable that the reduction reaction involved a photothermal mechanism.
Effect on crystalline phase changes 1. Disappearance of alumina phase
In the present study, the Ce-TZP/Al2O3 nanocomposite was composed of 10 mol% CeO2 stabilized TZP as a matrix and 30 vol% of Al2O3 as a second phase. In our previous study 6) , it was reported that the average grain size of both phases was 0.49±0.12 µm. After a separate determination of each phase, the grain sizes of Ce-TZP and Al2O3 were 0.59±0.09 µm and 0.42±0.08 µm Table 1 Average X-ray intensity ratios of oxygen, zirconium, yttrium, hafnium, aluminum, and cerium in the irradiated pits to the surface composition without irradiation respectively. A significant characteristic of the Ce-TZP/ Al2O3 nanocomposite lies in its intergranular nanostructure, whereby several 10−100 nm-sized Al2O3 particles are trapped within the ZrO2 grains and several 10 nm-sized ZrO2 particles are trapped within the Al2O3 grains 3, 14) . After laser irradiation, the amount of aluminum in the irradiated black pits decreased significantly ( Fig. 4 and Table 1 ) and the crystalline phase of alumina completely disappeared (Fig. 6) . On the contrary, the amount of aluminum in the rim surrounding the circular pit increased. This disparity in aluminum concentration, within and surrouding the irradiated pit, could be attributed to differences in the melting points of the different oxides. The melting points of ZrO2 and Al2O3 are 2709°C and 2053°C, respectively 15) . In addition, the thermal conductivities of ZrO2 and Al2O3 are 2.5 W/mK at 1500°C and 6 W/mK at 1300°C, respectively 16) . It was speculated that during laser irradiation, the temperature of the irradiated pit increased homogeneously because of the relatively low thermal conductivity of the composite consisting of fine ZrO2 and Al2O3 particles. Consequently, the Al2O3 particles melted first and flowed out of the irradiated pit, followed by the melting of Ce-TZP particles. The Al2O3 particles which melted and flowed out of the pit then accumulated in the raised rim surrounding the circular pit, contributing to an increase in aluminum content. 2. Decrease in tetragonal zirconia peaks Hori et al. 17) demonstrated that a solid solution of CeO2-ZrO2 released oxygen (as CO2 or H2O) during a short CO2 laser pulse, via the Ce 4+ to Ce 3+ redox reaction. This implied that the CeO2-ZrO2 solid solution stored oxygen and released oxygen easily to produce oxygendeficient zirconia.
On a separate note, the phase diagram of Zr-O system 18) reveals that the area of cubic zirconia increases with the reduction of zirconia via the following reaction:
ZrO2 → ZrO2−x + xO Applying the above reduction reaction to the present study, it was speculated that upon cooling of the melted zirconia, the cubic ZrO2−x was first solidified and then transformed from cubic to tetragonal phase. Tetragonal phase ZrO2−x might have a low crystallinity because of large lattice strain, and lattice strain is induced by oxygen deficiency. Taking into account the apparent decrease in oxygen content in the irradiated pits, the culminating effect was a decrease in the tetragonal zirconia peaks after laser irradiation, as seen in the XRD patterns in Figs. 5 and 6.
Effect on crack formation
In a surface modification experiment by Hao et al. 19) , a 3-kW CO2 laser treatment at a wavelength of 10.6 µm using a continuous wave was employed under these operating conditions: power densities of 1.80 and 2.25 kW/cm 2 with a spot diameter of 11 mm, transverse speed set at 5000 mm/minute, and energy densities at 237 and 297 J/cm 2 . The defocused CO2 laser beam did not result in blackening or crack formation on Y-TZP. Instead, a solidified microstructure was formed with decreased surface roughness but increased wettability due to rapid solidification at the surface after irradiation.
In another surface modification experiment by Cavalcanti et al. 20) , Er:YAG laser was employed under these operating conditions: energy densities of 200, 400, or 600 mJ emitted at a wavelength of 2.94 µm for 5 seconds at 10 Hz under a 1000-µm-diamter straighttype sapphire tip. Accordingly, the calculated energy density values were 25.48, 50.96, and 76.43 J/cm 2 for 200, 400, and 600 mJ, respectively. It was reported that higher Er-YAG laser power settings (400 and 600 mJ) caused excessive material deterioration such as cracking, making them unsuitable as surface treatments for Y-TZP surfaces. On the other hand, irradiation with 200 mJ resulted in mild surface alterations.
Compared to the abovementioned studies 19, 20) which employed CO2 and Er:YAG lasers at lower energy density levels for surface modification, Nd:YAG laser emitted at a wavelength of 1.064 µm was employed in this study under these operating conditions: voltage of 230 or 350 V for 5 ms in pulse mode for welding. According to information provided by the manufacturer, the pulse energies for 230 and 350 V irradiations were 3.3 and 12.5 J, respectively. Accordingly, the calculated energy density values were 420 and 1592 J/cm 2 , respectively.
In the present study, the 1 mm diameter of the irradiated spot was derived from the observed tracecircle. This was thus done because it was assumed that the spot diameter did not expand because of the relatively low thermal conductivity of zirconia. The surface temperature increased directly with the power density and the square root of the pulse length (5 ms). During laser irradiation, the zirconia surface and subsurface up to 100 µm depth melted; when irradiation stopped, these melted surface and subsurface layers solidified. It is also noteworthy that cracks were formed during cooling. Crack formation was inevitable during cooling because volume change was inevitable during the solidification of melt to solid cubic phase, as well as during phase transformation from cubic to tetragonal phase. Furthermore, the nanoand microstructure of Ce-TZP/Al2O3 nanocomposite were grossly altered during solidification. It was highly likely that these damages reduced the mechanical strength of tetragonal zirconia.
In another study which investigated the effect of CO2 laser on zirconia, Maruo et al. 21 ) applied 1.2-kW CO2 laser to the fusion welding and surface-melting of fully stabilized cubic zirconia (by the addition CaO, MgO, or Y2O3).
They employed these welding conditions: power level of 1 kW, weld bead width of 2 mm, transverse speed of 60−150 cm/min, and thus energy densities of 2−5 kJ/cm 2 . It was reported that intergranular microcracking developed in the fusion zone in the fully stabilized cubic zirconia, although macroscopic cracking was prevented at preheating temperatures higher than 1200°C. These findings thus concluded that it was difficult -and not advisable-to apply CO2 laser welding to fully stabilized cubic zirconia.
Many differences were present when comparing this study against that of Maruo et al. 21) . First, Y-TZP and NANOZR used in this study were classified as partially stabilized tetragonal zirconia.
Other differences lay in the crystalline phase of the zirconia specimens, as well as the energy density and wavelength of the lasers used. Notwithstanding these differences, the same conclusion could be echoed for Nd:YAG dental laser welding in that it should not be performed on partially stabilized tetragonal zirconia. Although weld cracks may be prevented through preheating before welding, it is noteworthy that when zirconia is preheated, it is difficult to prevent crack formation during the solidification of the melt. This is chiefly because phase transformation typically induces a large volume change.
CONCLUSION
Nd:YAG laser irradiation induced cracking and reduced the oxygen content on the surfaces of both Y-TZP and Ce-TZP/Al2O3 nanocomposite materials, in addition to a blackening effect.
Besides, the nano-and microstructure of Ce-TZP/Al2O3 nanocomposite were grossly altered during the solidification process. It was highly probable that these damages compromised the mechanical strength of both zirconia materials. Therefore, Nd:YAG dental laser welding should not be performed on tetragonal zirconia.
